Background Because immunity against Staphylococcus aureus has not been fully elucidated, there is no diagnostic test to gauge how robust a patient's host response is likely to be. Therefore, we aimed to develop a test for specific antibodies in serum with diagnostic and prognostic potential. Questions/Purposes We describe the development and validation of a multiplex immunoassay for characterizing a patient's immune response against 14 known S aureus antigens, which we then used to answer four questions: (1) Do certain antigens predominate in the immune response against S aureus? (2) Is there a predominant pattern of antigens recognized by patients and mice with infections?
(deep implant-associated, osteomyelitis, and cases of established septic arthritis). Patients were excluded only if they did not give informed consent for participation. Twenty-four patients had implant infections after total joint replacements, five had fracture implant infections, four had native knee infections, and two had chronic osteomyelitis without an implant. Control patients were chosen from a group of healthy, medically optimized patients scheduled to undergo elective arthroplasty. Control patients were matched for age (± 3 years), BMI (± 3 kg/m 2 ), and sex as closely as possible to patients with infections. Sera from patients with S aureus infections and murine S aureus tibial implant infections were used to evaluate a multiplex immunoassay for immunoglobulin titers against 14 recombinant S aureus antigens. All patients were treated with organism-targeted antibiotic therapy and appropriate, timely surgery. Treatment response was monitored with clinical examination, erythrocyte sedimentation rate, C-reactive protein, and resampling of the infection site for the pathogen as needed. Elevated inflammatory markers or persistent positive culture results were considered evidence of ongoing infection. Treatment provided was considered standard-of-care therapy in our medical center and all patients were treated jointly with a board-certified infectious disease specialist. Results Four antigens elicited more than 65% of the measurable IgG, the most dominant being against ironregulated surface determinant protein B (IsdB). Patients with infections had different patterns of elevated IgG titers, so that no single titer was elevated in more than 50% of patients with infections (area under the curve [AUC] B 0.80). Multivariate analysis of IgG titers yielded greater predictive power of S aureus infection (AUC = 0.896). Patients with infections who had high titers against IsdB (median of survivors, 7.28 [25%-75% range, 2. 22-21.26] vs median of patients with infection-related death, 40.41 [25%-75% range, 23.57-51.37], difference of medians, 33.13; p = 0.043) and iron-regulated surface determinant protein A (IsdA) median of survivors, 2.21 [25%-75% range, 0.79-9.11] vs median of patients with infectionrelated death, 12.24 [25%-75% range, 8.85- 15 .95], difference of medians, 10.03; p = 0.043) were more likely to die from infections than those who did not have high titers of IsdB. Conclusions Measurement of the host antibody response is a predictor of ongoing infection that may prove to have prognostic value. Future studies will seek to enlarge the patient population with infections to allow us to reduce the number of antigens required to achieve a stronger predictive power. Clinical Relevance Measurement of the immune response against S aureus with this diagnostic tool may help guide future studies on prophylaxis and therapy in an era of personalized medicine and pathogen-specific therapies.
Introduction
Deep musculoskeletal infections, including osteomyelitis associated with prosthetic joint infections, are a major clinical problem and are gradually increasing. Approximately 1 million total joint replacements are performed in the United States annually, and the demand is expected to increase to more than 4 million by 2030 [22] . Even though the introduction of improved surgical and patient-care procedures has reduced the number of prosthetic joint infections, the rate of primary prosthetic joint infections remains in the range of 0.5% to 3% [9, 34] . As a result, there are 20,000 new prosthetic joint infections per year, and this number is expected to increase along with the demand for total joint replacements [23] . The most consequential pathogen is Staphylococcus aureus (S aureus), which accounts for approximately 50% of new infections [9, 11] . Methicillin-resistant S aureus strains infect 100,000 patients and contribute to 18,650 deaths annually [21] . This pathogen further complicates a chronic prosthetic joint infection, which has only a 50% success rate in a two-stage revision [29] . As a result, there is renewed interest in vaccines and immunomodulatory approaches to prevent and treat S aureus osteomyelitis. There is also an increasing need for effective diagnostics of infection and the host response.
Although diagnostic criteria for prosthetic joint infections exist [30] , rapid and accurate diagnosis remains challenging for many patients with infections [10, 11, 25] . Additionally, while serum diagnostics are available for several microbial pathogens, no host immunity test is available for S aureus infections. To this end, several groups have described the anti-S aureus humoral immune response in physiologic and pathological situations [12, 13, 33, 39, 41, 42, 44] . Gedbjerg et al. [15] described an antiglucosaminidase antibody test to assess infection and prognosis in patients undergoing orthopaedic surgery who have a confirmed S aureus infection. The results showed an interesting trend from this single antigen analysis that warranted development of a multiplex assay to test the hypothesis that measurement of the magnitude and quality of a patient's antibody response will provide a diagnostic tool for identifying patients who have ongoing infections and a prognostic tool for directing additional intervention for patients at the greatest risk for poor outcomes.
To address this, we described the development and validation of a multiplex immunoassay for characterizing a patient's immune response against 14 known S aureus antigens, which we then used to answer four questions: (1) Do certain antigens predominate in the immune response against S aureus for mice and humans? (2) Is there a predominant pattern of antigens recognized by patients and mice with infections? (3) Is the immunoglobulin G (IgG) response to any single antigen a useful predictor of ongoing S aureus infection? (4) Does measurement of the combined response against all 14 antigens provide a better predictor of ongoing infection?
Materials and Methods

Study Design
A case-control study was performed. Sera were collected from 35 consecutive patients with S aureus culture-confirmed (methicillin-sensitive S aureus or methicillinresistant S aureus) deep musculoskeletal infections (deep implant-associated, osteomyelitis, and established septic arthritis cases). Patients were excluded only if they would not or could not give informed consent for participation.
Twenty-four patients had implant infections after total joint replacements, five had fracture implant infections, four had native knee infections, and two had chronic osteomyelitis without an implant. Control patients were chosen from a group of healthy, medically optimized patients scheduled to undergo elective arthroplasties. Control patients were matched for age (± 3 years), BMI (± 3 kg/m 2 ), and sex as closely as possible to patients with infections. Diabetes (p = 0.04), C-reactive protein (p \ 0.001), and white blood cell counts (p \ 0.001) differed between patients with and without infections (Table 1) .
Blood samples were drawn at the initial meeting with these patients, and no patient was systemically ill when enrolled in the study. To qualify for enrollment in the study, each patient had to have a confirmed diagnosis of S aureus infection. The collection of human sera was approved by the Research Subjects Review Board, and written informed consent to draw blood and for participation was obtained from every subject. Serum was harvested after centrifugation to remove the clot and red blood cells and stored at À80°C until assayed.
Animal Sera
To determine whether certain antigens predominate in the immune response against S aureus, the murine and human immune responses were studied and compared to answer research Questions 1 and 2. All animal research was performed under protocols approved by the University Committee on Animal Resources. Animal sera were obtained from Balb/c or C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME, USA). Six-to-eight-week-old female mice were inoculated once (Day 0) or twice (Days 0 and 28) by transtibial pin surgery [26] with a vehicle (Tryptic Soy Broth, Recombinant Antigens of S aureus S aureus antigens were selected by the following criteria: (1) expression by the majority of clinical S aureus isolates;
(2) high sequence conservation among strains; (3) display on the cell wall or secretion; and (4) function essential for the growth and survival of S aureus in vivo. Using these criteria, 14 S aureus antigens were chosen ( Table 2 ). Protein sequences for each antigen available through the National Center for Biotechnology Information (Bethesda, MD, USA) were compiled and consensus protein sequences were determined using Geneious 1 Pro 5.6.3 (Biomatters Ltd. Auckland, New Zealand). For intracellular expression in E coli, N-terminal signal peptide sequences, and C-terminal anchor domains were removed. N-terminal hexahistidines were added to facilitate purification and C-terminal Avitag TM sequences (Avidity LLC, Aurora, CO, USA) were added to provide unique biotinylation sites to facilitate immobilization on LumAvidin 1 (Luminex, Austin, TX, USA) microspheres. The corresponding DNA was synthesized de novo, inserted in a puc57 plasmid (GenScript, Piscataway, NJ, USA), and expressed in E coli cotransfected with pBirAcm plasmid (Avidity LLC). Soluble protein was purified by metal chelation chromatography with TALON 1 resin (Clonetech Laboratories Inc, Mountain View, CA, USA), yielding recombinant protein with a histadine tag on the N-terminus and a single biotin on the C-terminus. For the production of coagulase, a glutathione S-transferase-tag was added on the Clumping factor A (ClfA) 4
Clumping factor B (ClfB) 4
Fibronectin binding protein A (FnbpA) 4
Coagulase 4
Alpha hemolysin (a-hemolysin) 4
Staphylococcal complement inhibitor (SCIN) 4
Chemotaxis inhibitory protein of staphylococcus aureus (CHIPS) 4
Extracellular fibronectin-binding protein (Efb) 4 c N-terminus to minimize proteolysis; the glutathione S-transferase-tag was removed after purification [19, 27] .
Purity and correct molecular weight were measured by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 1A) . The immunoreactivity of each antigen was observed in immunoblots by its reactivity with IgG present in pooled sera from patients with infection ( Fig. 1B) . Each antigen was more than 90% pure and most ran on SDS-PAGE at the predicted molecular weight; adhesins and iron-regulated surface determinant (Isd) proteins appeared as single bands at higher than predicted molecular weights ( Fig. 1A) ; their identities were confirmed by mass ** ** ** ** (Fig. 1D ). The only exceptions were anti-aminidase and anti-glucosaminidase IgG crossreactivity in some of the sera from S epidermidis and S lugdunensis-challenged mice; this was anticipated based on the high level of amino acid conservation between the autolysins of these three staphylococci. (Appendix 2.
Supplemental material is available with the online version of CORR 1 .)
Multiplex Luminex Assay
Human antibody levels against 14 antigens were determined via multiplex Luminex assay using avidin-coated LumAvidin 1 microspheres with unique spectral signatures. Spectrally distinct LumAvidin 1 microspheres were coupled to assigned recombinant proteins and washed. Then the antigen-laden beads were pooled together and incubated with four serial 10-fold dilutions of each serum (1:100 to 1:100,000) in MultiScreen 1 Filter 96-well plates (Millipore, Billerica, MA, USA) for 2 hours. After washing, the secondary phycoerythrin-conjugated goat antihuman IgG (Southern Biotech, Birmingham, AL, USA) was added and incubated for 1 hour. The fluorescence intensity of the beads and phycoerythrin were measured with a flow cytometer (Bio-Plex 1 200; Bio-Rad, Life Sciences Research, Hercules, CA, USA). The accuracy of multiplex antigen measurement was validated by comparison with singleplex measurement using the same serum and also by comparison with the result from conventional ELISA. In every human serum plate, a positive control serum pooled from five patients with infections known to have high titers against histadine-glucosaminidase [1] was included at serial dilutions from 1:100 to 1:316,000. For titer values, each sample was normalized against the mean titer in the 40 control sera which was assigned a value of 1.0; each reported value is presented as a multiple of this value for each antigen, which allows for the broadest distribution in the heat map for all the antigens. For validation of the multiplex assay of 14 antigens, titers from the multiplex analysis were compared with titers from singleplex Luminex assays for each antigen (Fig. 2) . The titration curves of the single antigen assay and multiplex assay essentially were identical (intraclass correlation (ICC) = 0.997) ( Fig. 2A) ; similar measurements were made for the other 13 antigens (ICC = 0.994) (Fig. 2B ). The titer of specific antibodies against IsdB in the 10 individual human sera (five control patients and five patients with infections) were determined via IsdB ELISA in a 96-well plate and Luminex multiplex assay by two independent investigators (JLD, KN) in blinded manner; mean values were calculated, and the ICC then was calculated. A high level of agreement between the Luminex format and conventional ELISA was observed (ICC = 0.988) ( Fig. 2C) .
To facilitate the search for patterns in the IgG response among patients, the multiplex IgG titers were compiled into heat maps ( Fig. 3 ). To determine if the IgG titers might have greater predictive power in combination, the results of all 14 antigens were compiled into a single value by multivariable logistic regression analysis to get best separation of control patients and patients with infections.
Clinical Treatments and Definition of Ongoing Infection
All patients with infections were treated with organismtargeted antibiotic therapy, determined in conjunction with a board-certified infectious disease specialist, and surgical intervention consisting of irrigation, débridement, and removal of infected implants with one-or two-stage exchange, as dictated by the specific problem. In the case of native joints, irrigation, débridement, drain insertion, and organism-specific antibiotic therapy were used. Response to treatment was monitored with clinical examination, erythrocyte sedimentation rate, C-reactive protein, and resampling of the infection site for the pathogen as needed. Elevated inflammatory markers, clinically apparent infection, or persistent positive culture results were considered evidence of ongoing infection. Treatment provided was considered standard-of-care therapy in our medical center and all patients were managed jointly with a board-certified infectious disease specialist. Clinical status (alive or dead) also was recorded as the patients were followed for 1 to 3 years. If the patient died, their autopsy report and medical records were examined to identify the cause of death and this was recorded in our data set.
Statistical Analysis
Group comparisons between patients with infections and control patients were performed using the Mann-Whitney U test for ordinal and continuous variables and Fisher's exact test for categorical variables. The Kruskal-Wallis test with Dunn's post hoc comparison was used to compare antibody titers among the different bacterial strains in mice. The ICC was determined to validate each Luminex assay. Pearson correlation was used as a measure of linear association of median antibody levels for control patients and patients with infections across antigens. To compare gross antibody levels against all antigens, nonparametric multivariate ANOVA was used. For each antibody in human serum, receiver operating characteristic (ROC) curves were plotted, and area under the curve (AUC) was used as an overall measure of discrimination between control patients and patients with infections. Multivariable logistic regression analysis with 14 antibodies was conducted and the combined diagnostic value of 14 S aureus antibodies was defined as the linear predictor from the logistic model. A p value less than 0.05 was considered significant.
Results
Predominant Pattern of Antigens Recognized by Humans and Mice with Infections
IsdA, IsdB, aminidase, and glucosaminisase are the immunodominant antigens to S aureus in humans and mice. Consistent with S aureus exposure throughout normal life, antibody levels for all 14 antigens were easily detectable in the sera of uninfected human control patients, although the titers varied widely (Fig. 4A) . In sera from patients with infections, the median fluorescence intensities were elevated for all antigens except fibronectin-binding protein A compared with those in control patients (p\0.05), with the greatest elevation observed for IsdB where the median fluorescence intensity increased threefold (control patients: median, 6800 [25%-75% range, 3484-11,963], patients with infections: median, 19,454 [25%-75% range, 10,212-22,833], difference in medians, 12,654; p\0.001) (Fig. 4B) . The relative abundance of IgG for the 14 antigens was similar between patients with infections and control patients (r = 0.95) ( Fig. 4C) . Overall, the four antigens that elicited the highest mean antibody titers in patients with infection and control patients were IsdB, IsdA, aminidase, and glucosaminidase, which together accounted for more than 65% of the measured IgG. The immunodominance of these same four antigens was observed in S aureus-inoculated mice (Fig. 4D) , showing an evolutionarily conserved humoral response against S aureus in mammals (r = 0.89) ( Fig. 4E ).
Is the IgG Response to any Antigen a Useful Predictor of Ongoing S aureus Infection?
For individual antigens, we did not identify any antigen titer that was a consistent predictor of S aureus infection, highlighting the great variability in humoral immunity against S aureus.
The data are presented in heat maps (Fig. 3 ). IgG titers measured in sera from uninfected control patients trended low (dark blue to green), with the exception of titers in four control patients who had significantly elevated levels of IgG for several antigens. In contrast, IgG levels in the sera from patients with infections trended higher, with many C B A Volume 473, Number 9, September 2015 Host Immunity in S aureus Infections 2741 yellow and red spots. Three patients with infections had titers below the median of the control patients for more than 10 antigens. Overall, patients with infections had higher anti-S aureus IgG titers than the control patients (p \ 0.001) when comparing the 14-dimensional vectors of titers between groups of patients using nonparametric multivariate ANOVA. Looking across the rows (individual patients in the heat map), we did not identify a specific pattern of elevated titers that predominated. Fig. 5A-D) .
Overall, 13 of 14 antibody titers had an increase in patients with infections and an AUC greater than 0.6 ( Fig. 5E ); the only exception was fibronectin binding protein A.
Measurement of the Combined Response Against Al 14 Antigens Provides a Better Predictor of Ongoing Infection
Multivariate analysis using all 14 IgG titers improved prediction of ongoing S aureus infection. The combined diagnostic value of the 14 S aureus antibodies more effectively separated patients from control patients (Fig. 6A) , and yielded a ROC curve with an AUC of 0.896 (95% CI, 0.824-0.969; likelihood ratio, 10.7), which was greater than IsdB (p = 0.03), or any other single antigen (Fig. 6B ). Sensitivity and specificity improved compared with any single analyte (Fig. 6C) . Overall, the sensitivity is 80% (95% CI, 63.06%-91.56%) and specificity is 92.5% (95% CI, 79.61%-98.43%). Using a retrospective cutoff value of 8.23, the combined diagnostic value of the 14 S aureus antibodies achieves 100% (95% CI, 91.19%-100.0%) specificity with more than 50% sensitivity (51.3%; 95% CI, 33.99%-68.62%), meaning that more than 1 . 2 of the patients with infections could be diagnosed with an S aureus infection without the risk of treating a patient with a false positive result. 
Control Patients
High anti-IsdB and IsdA Titers May be Prognostic Indicators of Poor Outcomes
In a preliminary assessment of the prognostic value of our multiplex assay, we reanalyzed the titers from the four patients with infections who died of infection-related multiple organ failure during the first year after their sera were sampled. The median anti-IsdB and anti-IsdA titers among patients who died were six times greater than those of the survivors. 
Discussion
Owing to the aging population and the success of total joint replacement as a treatment for end-stage arthritis, the incidence of musculoskeletal infection is gradually increasing, and S aureus is a frequent and often intractable pathogen [9, 22, 23, 34] . Increases in the frequency of multidrug-resistant strains such as methicillin-resistant S aureus and vancomycin-resistant S aureus have reinvigorated research efforts to elucidate host immunity against this pathogen Volume 473, Number 9, September 2015 Host Immunity in S aureus Infections 2743 toward species-specific immunologic interventions that ultimately will require improved diagnostics. With the ultimate aim of using the host humoral response as a source of biomarkers for diagnosis and prognosis of deep-seated S aureus infections, we describe a novel immunoassay that measures IgG titers against multiple anti-S aureus antigens in human sera simultaneously.
Our study has several important limitations. First, we selected only a few of the many potentially important S aureus surface or secreted antigens. We chose 14 antigens known to be important, but our selection was not comprehensive; more significant antigens may be discovered in the future. Second, the number of patients with infections and control patients is small, totaling only 75. Our small sample size increases the risk of statistical error-some of our findings could become more or less significant with a larger sample size. Additionally, our population was derived primarily from individuals residing in upstate New York. There may be immunologic differences seen in a geographically diverse patient population. Third, the patient population is heterogeneous. The 35 patients with deep musculoskeletal infections involved in this research mostly had S aureus infections that evolved after total joint replacement, but five patients with native joint infections and two with simple osteomyelitis also were included. Although all patients were treated surgically, the treatments varied from irrigation and débridement and antibiotic therapy to two-stage exchange surgeries for the chronically infected arthroplasties. Some of the patients with infection were considered ''referrals of last resort'' sent to our quaternary care center for management. This explains the higher than expected mortality rate seen in this case series. In contrast, the control patients were a more homogeneous population scheduled to undergo future total joint replacements. To have access to a larger and more homogeneous population of patients with infected total joint replacements, we have initiated a program to collect patient samples prospectively from sites worldwide. Our findings primarily were associations of antibody responses to patients with infections. Further support for our conclusions comes from the similar responses to S aureus infections seen in mice. This suggests an evolutionary conservation of immune responses to S aureus infection.
Certain Antigens Predominate in the Immune Response Against S aureus
Our multiplex immunoassay focuses on S aureus antigens that are secreted or displayed on the cell wall. The genome of S aureus encodes approximately 2700 proteins including cytoplasmic, membrane bound, cell wall-associated, and secreted proteins [14] . Among these numerous proteins, we focused on cell wall-associated and secreted proteins which are more likely to be accessible to the host immune system. We selected two antigens associated with cell division (glucosaminidase and aminidase), four microbial surface components recognizing adhesive matrix molecules (microbial surface components recognizing adhesive matrix molecules; clumping factor A, clumping factor B, fibronectin binding protein A, coagulase); three ironregulated surface determinant proteins (IsdA, IsdB, and IsdH); four secreted proteins (a-hemolysis, staphylococcal complement inhibitor, chemotaxis inhibitory protein of S aureus, extracellular fibronectin-binding protein); and one anchor protein (sortase A) that attaches other proteins to the cell wall. These proteins are expressed in most S aureus strains and are highly conserved with pairwise identities between strains ranging from 82.2% (fibronectin binding protein A) to 99.4% (a-hemolysis). The functions of these 14 proteins are very important for S aureus to establish orthopaedic infections. S aureus uses microbial surface components recognizing adhesive matrix molecules and determinant proteins to adhere to host tissue or to the implant surface [1] , and they use autolysins (glucosaminidase and aminidase) during cell division [37] . The secreted proteins each interfere with some element of the host immunity and collectively act to thwart the immune response [32] . In addition, some of these 14 proteins are reported to have important roles in building bacterial biofilms to establish chronic infections [4, 6, 18] .
We used the Luminex system to measure the multiple antibody levels simultaneously mostly because of its feasibility as a clinical diagnostic tool. The virtue of the Luminex system is its ability to measure multiple antibody titers using a small amount of single serum (less than 1 lL), and it has been used successfully by other investigators [38] [39] [40] [41] [42] . We showed that the multiplex Luminex assay is specific for S aureus antigens ( Fig. 1D ) (Appendix 2. Supplemental material is available with the online version of CORR 1 ), and confirmed that there was no crossinterference in the simultaneous measurement of IgG titers against 14 S aureus antigens and that titers in the multiplex Luminex assay were equivalent to the titers measured with conventional ELISA (Fig. 2) . With these validations, we proceeded to measure IgG titers using the sera from our case-control study. The potential of measurement of host IgG responses for diagnosis and prognosis of patients with deep-seated S aureus infections has not been explored.
With a robust multiplex immunoassay in hand, our next purpose was to determine if measurement of the humoral immune response against S aureus is a plausible diagnostic tool for identification of patients with ongoing S aureus infections. Part of the challenge in measuring the host response is the diversity and abundance of candidate antigens, noted above. Some investigators used whole cells or extracts [16, 20] , however, others pointed out the complexity caused by IgG-binding protein A and the potential advantages of using recombinant antigens [16, 17, 20] . Some investigators reported that patients with infection generally had higher antibody levels against purified proteins or recombinant antigens than healthy controls, and observed degrees of overlap between patients with infection and control subjects [8, 13, 33, 44] similar to those reported here. None pursued the IgG responses for use in diagnostic applications. We explored the role of the antigen repertoire in the diagnosis of ongoing S aureus infection.
A Predominant Pattern of Antigens Recognized by Patients or Mice with Infections
Four of the selected antigens were immunodominant in patients with infections, control patients, and mice. In rank order, IgG against IsdA, IsdB, aminidase, and glucosaminidase yielded the highest fluorescence intensity, suggesting that these are immunodominant antigens. In patients with infection, the order of IsdB and IsdA was reversed, but the same four antigens predominated, indicating these four antigens are immunodominant, independent of ongoing infection. Surprisingly, the same four antigens elicited the highest IgG titers in experimentally infected C57BL/6 mice.
There was no predominant pattern of reaction among patients with infection. Examination of the heat map ( Fig. 3) reveals several important trends. First, the humoral immune response against S aureus is broad and variable across the antigen repertoire in patients with infection and control patients. No regular pattern was obviously correlated with infection or its absence. Second, patients with infection tended to have higher titers (warmer colors), and the control patients tended to have lower titers (cooler colors), but for any specific antigen the magnitude of the IgG response was overlapping between the two populations. Although patients with infection had higher IgG titers than the control patients, the control patients also had significant IgG titers, some overlapping with the infected population. High IgG titers in noninfected individuals have been observed by others [5, 8, 13, 17, [39] [40] [41] [42] [43] and may be related to the high rates of colonization with S aureus, especially among children. Most newborns first contact S aureus just after birth and the colonization rates of S aureus are high in children and adolescents (20%-24]. Even though the colonization rate decreases in adults, most humans are regularly exposed to S aureus possibly with repeated subclinical infections [5] . Moreover, some patients are persistent carriers of S aureus and have higher antibody levels than noncarriers [41, 42] . Therefore in our study, and in contrast to antiviral antibodies [35] , control subjects have high IgG titers. With no clear pattern of response among patients with infection and significant antibody levels among control patients, we came to believe that a multiantigen immunoassay would be required to accurately diagnose patients who present with possible orthopaedic infections. Finally, in the IgG heat map, we identified some patients who had low antibody levels for almost all antigens. We considered them to be immunoincompetent. In the absence of other clinical information suggesting being immunocompromised, these patients will be problematic for our immunologic approach.
The IgG Response to Any Single Antigen as a Useful Predictor of Ongoing S aureus Infection No single IgG response is a useful predictor of ongoing S aureus infection. Although no single IgG titer completely separated control patients and patients with infection, several antigens were better predictors than the others. Notably, anti-IsdB IgG, anti-a-hemolysin IgG, and anti-Staphylococcal complement inhibitor IgG, were the best discriminators with AUC values approximately 0.80. For use as a single antigen immunoassay, we think anti-IsdB IgG is most encouraging because IsdB is expressed in almost all S aureus strains [28] , is well conserved among strains, essential for survival in vivo, and one of the most immunodominant antigens.
Measurement of the Combined Response Against all 14 Antigens Provided a Better Predictor of Ongoing Infection
Finally, all 14 IgG titer results were combined as a single 'composite combined diagnostic value of 14 S aureus antibodies' value, which is calculated by multivariable logistic regression analysis. The AUC of the single composite combined diagnostic value of 14 S aureus antibodies value was nearly 0.90, which may be clinically useful. The sensitivity (80.0%) and specificity (92.5%) were comparable to those of other diagnostic tests in current clinical use, such as those for anticyclic citrullinated peptide (67% sensitivity and 95% specificity) and rheumatoid factor (69% sensitivity and 85% specificity) [2] . To adapt this method to clinical use, many issues remain to be improved. We used 14 antigens to obtain high AUC, but measuring 14 IgG levels would be cumbersome. Additional efforts to shrink the number of antigens to as few as three or four would be needed. We report the humoral immune response in a musculoskeletal infection with S aureus using sera from a case-control study and show that a multivariate analysis of the IgG response to multiple antigens yielded considerable diagnostic power for ongoing S aureus infections. Additional study is warranted to determine if these measures also have prognostic value. This is suggested by the association of death and measured anti-IsdB IgG levels in our small population.
The primary hypothesis of our study was that certain quantitative and qualitative features of the immune response to S aureus during an ongoing infection can serve as diagnostic and prognostic biomarkers. Currently, the standard assay in most hospitals is bacterial culture. This culture had many limitations despite being familiar, inexpensive, and widely used: (1) the pathogen must be present in the sample so false negatives occur regularly; (2) it takes 24 to 48 hours to yield a definitive result compelling clinicians to use empiric antibiotic therapy; (3) falsepositive results can result from contamination during sampling; and (4) false-negative results can occur after ongoing antibiotic therapy. The sampling problem is compounded in chronic implant-associated infections owing to the formation of biofilms that sequester the bacteria. Newer approaches have been introduced to facilitate pathogen recovery in patient specimens including implant sonication [36] , and PCR with harvested tissue or joint fluid [3, 4] . To date, these methods are only modest improvements over conventional bacterial culture. Another approach to circumventing the ''pathogen-in-the-sample'' requirement is diagnosis with circulating bacterial DNA. Diagnosis of sepsis using blood-borne bacterial DNA has been reported [2, 7, 31] , with sensitivities greater than 70%. To our knowledge, no reports have addressed deepseated infections like osteomyelitis or implant-associated infections. A serum-based approach avoids the need for the pathogen in the sample and holds the promise of rapid turnaround times, enabling clinicians to make informed therapeutic interventions sooner. Our study leaves many unanswered questions, including the importance of humoral immunity against S aureus infections, the possibility of pathologic antibodies to S aureus interfering with the clearance of staphylococci, and can any of these responses be modified by external means.
Future directions for our research will focus on analysis of a larger, globally distributed population of patients with implant-associated infections to further refine these serum diagnostic tests. Additionally, further analysis of the human response to the IsdB, and IsdA antigens will be conducted to determine their influence on the murine and human immunity against S aureus. We foresee prognostic value in the measurement of these immune responses and these are foreshadowed by our interest in patients with massively elevated anti-IsdB levels. Clinically, it is our hope to identify, at the earliest possible opportunity, patients who either will or will not require costly and burdensome interventions, ie, to build prognostic and diagnostic tools.
